Abstract-An underground nuclear explosion (UNE) can generate a shock wave that lofts surface material, resulting in surface changes that might be detectable. The Comprehensive Nuclear Test-Ban Treaty (CTBT) allows ground and airborne spectral and thermal imaging to help locate such events. Landsat 5 data on the 1998 Indian and Pakistani tests are used here to demonstrate that there are detectable changes in surface features which might be used to localize an underground nuclear test and to develop change detection techniques specific to the use of satellite data to support a CTBT on-site inspection. Landsat 5 has been active for over 20 years providing repeat coverage of the Earth's surface every 16 days. Most locations have Landsat data available for a variety of dates, allowing for statistical analysis of the data to understand temporal trends and data variability on a pixel-by-pixel basis. Given the right conditions, these usual patterns of change (such as seasonal changes or weathering) can be discerned from unusual patterns of change, such as features relating to a UNE. This paper extends known change detection techniques to a temporal series of data and shows that multispectral change detection can be used to help localize a UNE.
I. INTRODUCTION
T HE Comprehensive Nuclear Test-Ban Treaty (CTBT) [1] bans all nuclear weapons testing by the signatory countries. The treaty was adopted by the United Nations General Assembly in 1996 and will enter into force when ratified by a specified list of countries. In the event of a suspected underground nuclear test, the treaty allows for a variety of inspection techniques to be used to confirm or refute that the triggering event was nuclear. Multispectral and thermal imaging, nominally from an aircraft, are called out with the specific intent to locate anomalies and reduce the search area from a nominal , to something amenable to other techniques, such as localized seismic monitoring. Change detection techniques that can reliably find anomalous areas, even with an appreciable number of false positives, have value in this context because of the benefit of reducing the search area from the initial . Given that it may be 10-14 days or longer before an inspection team arrives on-site, techniques to analyze satellite data potentially encompassing a series of pre-event datasets and one or more post-event datasets have value for identifying regions of interest for inspectors.
Several techniques have been developed to do multispectral change detection. The algorithmic work presented here is related to those techniques employing multivariate statistical analysis. A common approach to multivariate multispectral change detection is to use principle components analysis (PCA) on temporally differenced spectral bands. Change is often seen in the higher PCA bands [2] . Another way of doing this is to use Mahalanobis distance [3] on the temporally differenced bands. The Mahalanobis distance approach produces one image plane (change map) expressing the multivariate statistical distance from the average change vector. This technique can be extended to cases where multiple images are used. It is also possible to combine this technique with univariate statistics to reveal temporally anomalous changes. In words, this technique suppresses changes that occur in the reference data and exposes changes that occur after the event (not in the reference data). This is important in treaty verification because we may be looking at landscapes that have significant amounts of natural change (weathering, seasonal, and agricultural). The challenge is therefore to separate this natural change from that which may be indicative of a potential treaty violation.
There is extensive published work on the locations of the 1998 nuclear tests that occurred in India and Pakistan. Several authors [4] - [6] have demonstrated the use of seismic techniques to determine the approximate locations of these tests. Pabian and van Genderen [7] demonstrated a multisource data integration approach for locating the test site used by the Pakistanis on May 28, 1998. The coordinates are 28.7919N, 64.9475E. Multiple locations have been suggested for the May 30, 1998 Pakistani test [5] , [6] . The Indian test on May 11, 1998 had a seismic epicenter at 27.0716N, 71.7612E, which placed it 3 km from the 1974 test location in Rajasthan Desert [8] . On May 13th, a second Indian test was conducted in an area called Navtala Wells, which is reported as being within 10 km of the May 11th site [5] . This test was too weak to produce a detectable seismic signature [9] . A 2010 paper by Schlittenhardt et al. [10] provides an excellent description of the use of change detection algorithms with satellite data, as well as a good summary of satellites of interest. There has been a significant amount of work on analysis methods and change detection techniques for this application [11] - [16] .
This paper proposes that multispectral imagery acquired by Landsat 5 can be used to identify locations exhibiting significant amounts of change occurring around the time of a potential nuclear test. These locations are then regions of interest as a candidate location for a nuclear test rather than being a definitive location for a test. This paper shows that multispectral change detection can be used, in at least some cases, to significantly improve the separability between regions with naturally occurring change and regions with anomalous amounts or types of change. The thresholded output of these change images is then used as a mask to gather spectral vectors of the pixels showing change. These vectors can be used in a k-means clustering algorithm to show which regions of change are spectrally different from one another.
II. BACKGROUND
Landsat 5 data were used as a surrogate for the expected multispectral data that might be collected as part of an on-site inspection (OSI) under the CTBT. Although the spatial resolution and number of spectral bands were less than desired, the wide earth coverage and ready data access meant that analysis techniques developed here have potential applicability for the CTBT.
The analysis concept here is to use data from before and after the possible underground nuclear explosion (UNE) event and use change detection to identify changed regions which may indicate the location of the UNE.
A. Landsat Data
Orthorectified Landsat 5 imagery was downloaded at no charge through the USGS Global Visualization Viewer (GLOVIS). GLOVIS is a web-based application that allows users to browse for and download Landsat imagery. Landsat 5 (launched in 1984) has been the most reliable instrument of all the Landsat sensors providing sun-synchronous coverage of much of the globe every 16 days. All the data used in this effort came from the Landsat 5 instrument. These data were calibrated to reflectance units as specified in the Landsat 7 Science Data Users Handbook [17] .
This work utilizes six of the seven spectral bands. These are blue ( ), green ( ), red ( ), very near infra-red ( ), shortwave infra-red band 1 ( ), and shortwave infra-red band 2 ( ). The seventh band was not used because it is a thermal band with high variability and different spatial resolution than the other bands.
The geographic locations of the UNEs were in desert regions. Therefore, observed seasonal variability came from shadow length changes in areas of steep terrain. No major changes relating to seasonal vegetation change were observed.
Landsat 5 data availability for these UNE locations was variable. Datasets were considered usable if they were free of clouds. Ideally, the datasets would have been captured at a time close to the time of the UNE-this was not possible for the May 30, 1998 UNE. The dates of the datasets used are summarized in Fig. 1 .
B. CTBTO Multispectral Remote Sensing Objective
The purpose of utilizing remotely sensed data is to reduce the search area for an OSI under the CTBT. The Landsat data were cropped to form a square search area, 30 km on a side, centered on the test site based on one of the seismic estimates. This was chosen to be analogous to the situation in an OSI where an approximately search area is nominally centered on the location of the seismic signal that triggered the inspection.
C. Change Detection Background
The simplest way to do change detection is to difference an image before and after an event. Conceptually, those regions of the image that remain the same would be equal to zero in the differenced image. If there are several images taken before the event one can average them to help account for any naturally occurring variability in the scene. One can also take the standard deviation of this training set and use it on a pixel-by-pixel basis to evaluate the statistical significance of any changes that are seen in the difference image.
As explained in Section II-A, six out of the seven Landsat 5 spectral bands are used. Treating these bands individually produces a change detection map for each band:
where is the post-event image and is the temporal average of the pre-event images. Variables and specify spatial coordinates and specifies the spectral band. Fig. 2 shows a scatter plot of the red, green, and blue bands of the difference image. Notice the plot is centered around [0,0,0] and has an elliptical shape. This shape can be characterized using a quadratic form. Since each band specifies a dimension, if we use all the data, the resulting hyper-ellipse would have six dimensions. From this point, these change bands can be fed into the Mahalanobis algorithm, or another multivariate technique such as PCA.
The mean of this ellipse is calculated as where is the difference image from (1), and are the horizontal and vertical sample sizes of the imagery.
Mahalanobis distance (or multivariate statistical distance) defines a multivariate data point's Gaussian statistical distance from a multivariate mean sample vector. The Mahalanobis distance comes from the multivariate Gaussian maximum likelihood classifier. This classifier works under the assumption that the conditional probability for a given class can be approximated by a multivariate Gaussian distribution: where is the covariance matrix for a given population and is the number of variables. A discriminant function can be derived from this equation:
Isoprobability contours are hyperellipses having a constant Mahalanobis distance from . is the threshold that defines the distance of the isoprobability contour from the mean vector. In this application, any pixel at a distance greater than is defined as a pixel containing change. This threshold is drawn as a green ellipse in Fig. 2 .
The results on the Indian test site in Sections III-C and III-D used a slightly modified version of the above algorithm. In that case, is mean subtracted and divided by the temporal standard deviation of the pre-event images. This is called the standard score:
where is the temporal standard deviation bands of the pre-event images. This step lowers the values for pixels experiencing frequent and large change. For example, a pixel containing a farm field that is frequently planted and harvested will have a large standard deviation. This is the type of change that could be a false positive to the OSI team.
III. RESULTS
These algorithms require at least two datasets of the suspected area-one dataset before the test and another dataset after the test. Ideally, there would be two or more datasets before the test that would be used to create training data. All of the results shown here used at least three datasets for training. It should also be noted that if there are more datasets available after the test date than before, then the post-event data can be used as training data instead of pre-event data. The first Pakistani test actually had more images captured after the test date than before.
These algorithms will output a black and white image where black indicates regions where large amounts of change occurred. If several suspicious regions are found, then spectral analysis using k-means clustering can be used on the change bands to determine if any of the regions of interest share similar spectral qualities (see Sections III-A and III-B).
The statistical and clustering techniques used in this project are straightforward and they produce an output that is simple and intuitive. Using these techniques, we are able to demonstrate Landsat's ability to detect a possible UNE. A successful detection depends on the scene characteristics (weather, topology, sun angle, etc.) and nature of the test (depth of burial, yield, landscape change prior to test, etc.).
A. Pakistani Test May 28, 1998
On May 28th, Pakistan claims to have detonated five nuclear devices in an underground testing facility located at 28.7919N, 64.9475E. Three of the five devices were sub-kiloton. Seismic data provided a combined estimated yield of 9-12 kT [6] . Fig. 3 shows data from one band of the Landsat data.
The Mahalanobis distance change detection technique worked well. The maximum change value that the claimed UNE produced was a relative change value of 454, while the median change value for the rest of the image was 4.67. The maximum change value for the UNE is nearly 100 times greater than the surrounding change. Comparing this with the simpler band differencing technique is important. Differencing the blue band produces a maximum change value of 0.173 reflectance units at the UNE site (this is also the maximum change in the image) and a median change value of 0.0731 reflectance units using the rest of the image. The UNE site is only 2.37 times greater than the surrounding change when using the band differencing technique on the blue band. After the multivariate change detection algorithm is applied, we obtain a change mask by applying a threshold ( ) to the change map. These two results are compared graphically in Fig. 4 .
There are other things besides an UNE that could create a large change in surface reflectance. Here, we see that the UNE created a detectable change in the center of the image; however, there were other changes in the upper left hand corner of the image. The analysis can go one step further by looking at the spectral characteristics of the regions showing change. The spectral vectors inside the mask were collected and clustered using a k-means clustering algorithm (allowing for two clusters). The pixels belonging to the test area cluster differently than the pixels in the upper left as shown in Fig. 5 . Looking at the non-test site areas, we see that those areas are categorized as being the same object class. If we overlay the change map onto a Google Earth (imagery provided by DigitalGlobe) image of this area (see Fig. 6 ), we find that the objects in the upper left are farm fields. This is supported by the observation that they are close to villages and that they all have similar spectral features. Fig. 7 shows the spectral vectors from the agricultural change compared to the nuclear test. These vectors were extracted from the imagery captured after the test. It is clear that the spectral change observed for the agricultural regions is different than that observed for the nuclear test region.
B. Pakistani Test May 30, 1998
On May 30, 1998, Pakistan claims to have conducted two additional simultaneous underground nuclear tests. The location of these tests has not been formally released. Barker et al. [5] estimated a yield of 4-6 kT, while Walter [4] estimated a yield of 3-11 kT. Using Barker's coordinates for the May 30th test as the center of imagery, two regions of interest were found as shown in Figs. 8 and 9 . The north western area is located at (28.3694N, 63.8509E) and the south eastern area is located at (28.3588N, 63.8590E).
The algorithm shows several areas that contain change. Many of these regions have shapes one would associate with erosion or shadow variation caused by changes in solar elevation angle. There are two regions that seem to have a circular shape that could be indicative of an UNE. These regions also have unique spectral changes, shown in Fig. 9 . This was determined by taking Fig. 4 . Comparison of simple band differencing using the blue band (left) to multispectral change detection (right) for the same region as Fig. 3 . The separation between the area experiencing abnormal change is significantly further from the background in the multispectral case. Fig. 5 . Results of the k-means algorithm where two clusters were allowed. Objects in the upper left of the image are similar in spectral character and are different from the pixels covering the nuclear test site (see Fig. 7 ). Also observe the shape of the test site. The tendrils coming off the center of the object are rock slides that can be seen in Google Earth. those pixels exhibiting change and applying k-means to cluster those spectral vectors.
A closer look with high-resolution panchromatic Worldview-I or Quickbird imagery shows the area has evidence of bull dozing, several buildings, and a fence around the south eastern area, making it unclear whether the changes are from a UNE or human activity.
C. Indian Tests May 11, 1998
On May 11, 1998, India claims to have detonated three devices simultaneously in underground shafts located beneath the Khetolai Military Range [4] . Coordinates provided by the CTBTO's Prototype International Data Center Reviewed Event Bulletin are (27.0716N, 71.7612E) [18] . The three test names and yields were Shakti I (45 kT), Shakti II (15 kT), and Shakti III (0.2 kT) [19] . This part of India has a much higher population density than the regions where Pakistan conducted its tests. The area surrounding the test site has significant amounts of agriculture. The training data collected by Landsat contain many fields where crops were harvested and replanted. Initial attempts at finding change were done using image differencing and the multivariate technique used to find the Pakistani tests. The resulting change images were cluttered with features related to regularly occurring change (see the top image in Fig. 10 ) resulting in many false positives for regions of interest.
One important characteristic of this scenario was that the change observed at the site of the potential UNE was temporally anomalous from the change observed in the rest of the scene. Another important characteristic is that this area is very flat. This resulted in more consistent data between different times of year because changes in the solar elevation angle did not create different shadow patterns. Therefore, local scene changes were only caused by changes in reflectance, not shadow location. The multivariate algorithm was changed to use the output of the standard score [see (5)] as input. The univariate input compensates for those regions exhibiting frequent change in the training data.
It should be noted that this technique was tried with the other datasets. Ultimately, subtle orthorectfication errors, steep terrain, and changes in solar elevation angle produced shadow regions that were not well characterized by the pixel's temporal mean and standard deviation. This resulted in areas containing substantial outliers when analyzed for changes; thus causing the algorithm to produce an unacceptable level of false alarms.
The results on the Indian data show that the agriculturerelated changes were suppressed and the change-related unusual activity was enhanced (see bottom image in Fig. 10 ). This region does not look as though it corresponds with the blast of an UNE. It does not have a circular shape. But it does indicate large-scale infrequent activity at the Khetolia Military Range. This could have been a sand dune or portion of earth that was moved to fill the shafts. One reference claims that this area was burned [13] .
If the change detection algorithm's threshold is lowered, other interesting features appear in the change map, some of which are shown in Fig. 11 . Comparison of features with Google Earth imagery (imagery provided by DigitalGlobe) shows them to be subsidence craters, presumably due to the effects of the explosion. This helps the OSI team by identifying regions of more subtle change.
D. Indian Tests May 13, 1998
The Indian tests on May 13, 1998 were not detected by any seismic stations. India has claimed that two UNEs with yields of 0.5 and 0.3 kT did occur. If the tests did occur their yield would have been much less than 0.3 kT [5] . Barker's paper states that these tests were carried out in a sand dune region 10 km from the Shakti-I-Shakti-III site called Navtala Wells [5] . Navtala (Hindi for nine wells) Wells contained nine derelict water wells. There is mixed information about whether there were two wells or three wells that were deepened for the test [20] . In the end, only two wells were used for Shakti-IV and Shakti-V.
This 10 km radius search area is within the bounds of the imagery. Lowering the threshold allows more changes to appear that might correspond to the May 13th tests. Many of these changes are related to agriculture or erosion. However, careful comparison of the change map and a higherresolution image show many of these changes are caused by naturally occurring phenomena. The search area is therefore reduced by this inspection. Fig. 12 shows four small regions of interest in the lower left box. This portion of the search area is unpopulated. Two of the four regions show significant change occurred. The location of these four areas from north to south is 27.083N, 71.646E, 27.077N, 71.637E, 27.070N, 71.637E, and 27.065N, 71.646E. Looking at higher-resolution imagery does not provide further insight here.
The absence of a seismic signal for these claimed tests suggests that any surface shock from these tests would be very low, consistent with the absence of any obvious regions of interest using multispectral change detection with a standard detection threshold.
IV. CONCLUSION
The Landsat 5 satellite has been extremely useful to scientists around the world. This paper demonstrates its use for treaty verification. The data used here were downloaded at no cost from the USGS GLOVIS website. From these data, search areas were established for all regions. The algorithms used in this research produced change values hundreds of times greater than the change values observed outside the UNE area. The algorithms' advantages over band differencing are also substantial-much higher sensitivity and ease of interpretation. Their ability to reduce the search area is also showcased.
The Pakistani test on May 28th was the least challenging scenario. The location of the UNE was known and it created a large surface scar on the side of the mountain. These data were examined first to demonstrate that multivariate techniques could be applied to change detection and dramatically improve separability between the changed area and the background change. For the Pakistani test on May 30th, the location was not known. Center coordinates were obtained from Barker et al. [5] . Two locations were found that exhibited signs of significant change. The two areas were both circular in shape and are located within a small group of hills. It remains unknown whether this is the location of the actual test site, but the technique has demonstrated the desired ability to identify a reasonably small number of regions of interest for priority search in the context of a CTBT OSI.
The Indian tests conducted on May 11th were the most challenging to detect. This region had a larger amount of human-related change. This problem was overcome with the observation that these changes occurred regularly. The input to the Mahalanobis change detection algorithm was altered to compensate for regularly occurring change. The area discovered as exhibiting the most change does not appear to be part of any of the subsidence craters. It is however located adjacent to the craters and could have been caused by the blast or could be the result of activity related to the blast.
The locations of the Indian tests conducted on May 13th are unknown. Four small anomalous circular areas within a 10 km radius of the military base were discovered. Inspecting these areas in Google Earth (imagery provided by DigitalGlobe) did not reveal anything unusual or suspicious. An OSI could explain why this area exhibited so much change. Alternatively, the low or non-existent seismic signal suggests that there was little or no surface shock from the test, and the absence of any detectable multispectral change is to be expected.
All of the test sites were located in desert regions. The atmosphere in these regions was often very clear and there was no deciduous vegetation. This made it possible to use data from nearly all times of year. The main sources of change were caused by solar elevation angle producing shadows on the terrain and erosion caused by wind and water. Agriculture was a significant source of change in the data over India.
This analysis technique is not likely to be useful in areas that have deciduous trees, variable atmospheric conditions, or snow. The data ortho-rectification must also be sub-pixel. Users will have success with this technique when variability between datasets is less than the variability created by the UNE. This means that datasets that do not show the effects of seasons and have sub-pixel ortho-rectification are well suited to these techniques.
Further improvements to this work might involve replacing k-means with a clustering technique that does not require specification of the number of clusters used. This work used global means and covariances. Sensitivity could potentially be improved by examining the scene with a smaller sliding window. The statistical parameters used would be determined within that local area defined by the window.
These analyses have shown two important results for the CTBT. First, that multispectral data can be used to find regions of interest potentially associated with a UNE. The coarse spatial resolution and limited number of spectral bands of the Landsat 5 data mean that a more capable airborne sensor should be able to do at least as well in identifying potential regions of interest. Second, change detection is a sensitive technique to identify those regions of interest, provided there is useful training data.
Landsat 5 data were used here since it is available to all nations and could be used to identify potential regions of interest before an OSI has begun.
include Fourier optics applied to segmented and sparse aperture imaging systems, LWIR hyperspectral target detection and system characterization, multispectral remote sensing, and image processing.
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